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A study of several 3- and 4-body hadroni nal states (
+

 

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, 
+

 

+

 
, K
+
K
 

+

 
and K
+
K
 
K
+
K
 
)
aompanied by a hard photon is presented. These states are produed from e
+
e
 
ollisions at the .m. energy
near the  (4S) resonane using a 90 fb
 1
data sample olleted with the BABAR detetor at the PEP-II ollider.
The invariant mass of the hadroni nal state determines the virtual photon energy, so that the data an be
ompared with diret e
+
e
 
ross setions. Cross setions have been obtained from threshold up to 4.5 GeV with
systemati errors at the 5% level. The auray of the results is omparable with the best diret e
+
e
 
results
overall, but ahieves amuh better preision in 1.4-2.5 GeV region where data are sparse. In addition to light
meson spetrosopy these data an be used to improve the determination of R {the ratio of e
+
e
 
! hadrons ross
setion to e
+
e
 
! 
+

 
{ and thereby to impat the understanding of the reent (g  2)

measurement through
a better evaluation of the hadroni vauum polarization ontribution. The ISR tehnique also gives aess to J= 
prodution and allows one to measure branhing ratios into 3- and 4-body nal states above at a level of preision
that is typially better than that obtained in the ombined earlier measurements.
1. Introdution
The possibility of using the initial state ra-
diation (ISR) of hard photons at B-fatories to
study hadroni nal state prodution at lower
e
+
e
 
.m. energies has been disussed previ-
ously [1-3℄. The interest in this kind of study
has been inreasing beause of the disrepany
between the measured muon g   2 value and the
predition within the Standard Model [4,5℄, where
the hadroni vauum polarization ontribution is
evaluated using data from e
+
e
 
experiments at
low energies. The study of ISR events at B-
fatories an provide independent measurements
of hadroni ross setions as well as ontribute to
hadroni spetrosopy.
The ISR ross setion for a partiular nal state
f depends on e
+
e
 
ross setion 
f
(s) and is ob-
tained from:
d(s; x)
dx
=W (s; x)  
f
(s(1  x)) ; (1)
where x = 2E

=
p
s, E

is the energy of the
ISR photon in the nominal .m. frame with to-
tal energy
p
s, and s
0
= s(1  x) is the square of
the mass of the produed f state. The funtion
W (s; x) desribes the energy spetrum of the vir-
tual photons and an be alulated with better
than 1% auray [1-3℄. ISR photons are pro-
dued at all angles relative to the ollision axis.
The BABAR aeptane for suh photons at rela-
tively large angles (typially 20-144
Æ
in the labo-
ratory frame) is around 10-15 %:
An advantage deriving from the use of ISR is
that the entire range of eetive ollision energy
is sanned in one experiment. This avoids the rel-
ative normalization unertainties whih an arise
when data from dierent experiments are om-
bined. A disadvantage is that the invariant mass
resolution is a limit when studying narrow reso-
nanes.
A omprehensive program is under way at
BABAR to measure all hadroni proesses in the
few GeV range. While the 
+

 
hannel requires
more systemati studies in order to reah the in-
teresting 1% (or better) level, some results are al-
ready available for 2- and 3-body proesses with
lower ross setions. They are presented in this
ontribution.
The ISR method gives also aess to J= de-
2ays. The ross setion for the nal state f

f
J= 
(s) =
12
2
 
ee
B
f
m
J= 
s
W (s; x); (2)
with x = 1 m
2
J= 
=s, is proportional to the prod-
ut  
ee
 B
f
or    B
ee
 B
f
where   and B
ee
,
B
f
are the total width and branhing frations
of J= into e
+
e
 
and f . The invariant mass of
the nal partiles determines the position of the
J= peak and a detetor mass resolution 8 MeV
an be ahieved by using a kinemati t. Pre-
liminary studies of some partiular ISR proesses
have been performed (see Ref. [6-8℄) showing good
BABAR detetor[9℄ eÆieny and partile identi-
ation apability for these types of events. Signal
and bakground ISR proesses are simulated us-
ing Monte Carlo (MC) event generators based on
omputer odes desribed in Ref. [10-13℄. Also
simulated were generi bakground from quark-
antiquark and   proesses using JETSET [14℄
and KORALB [15℄ pakages.
2. Three-body nal state: 
+

 

0
The initial seletion of e
+
e
 
! 
+

 

0
 an-
didates requires that all the nal partiles are
deteted inside a duial volume. One of the
photons is required to have an energy in the .m.
frame above 3 GeV. Two of the traks must origi-
nate from the interation point, have a transverse
momentum above 100 MeV/ with no kaon-ID
and be in the good region of detetor aeptane.
The photon with greatest .m. energy is assumed
to be the ISR photon. The remaining photons
are paired to form andidate 
0
s. A kinemati t
is applied to the seleted event, imposing energy
and momentum onservation, and onstraining
the andidate 
0
invariant mass. Analysis de-
tails an be found in Ref. [8℄. The 3 invariant
mass distribution of the events after bakground
subtration was t with a sum of exitation
urves desribing !(782); (1020); !(1420) and
!(1650) resonanes. Relative phases for !(1420)
and !(1650) are xed at 0 and . The result-
ing parameters obtained from the t (Fig. 1,

2
=dof = 146=148) are the following:
B
!ee
B
!3
= (6:70 0:06 0:27) 10
 5
(3)
B
ee
B
3
= (4:30 0:08 0:21) 10
 5
B
!
0
ee
B
!
0
3
= (0:82 0:05 0:06) 10
 6
M
!
0
= (1350 20 20) MeV/
2
 
!
0
= (450 70 70) MeV/
2
B
!
00
ee
B
!
00
3
= (1:3 0:1 0:1) 10
 6
M
!
00
= (1660 10 2) MeV/
2
 
!
00
= (230 30 20) MeV/
2
(4)
The tted masses and widths of the !
0
and
!
00
mesons are model dependent but neverthe-
less an be ompared with the estimates of these
parameters by the PDG [16℄: M
!
0
= 1400  
1450 MeV/
2
,  
!
0
= 180  250 MeV/
2
, M
!
00
=
1670  30 MeV/
2
,  
!
00
= 315  35 MeV/
2
.
The PDG data are based on small data sam-
ples for e
+
e
 
! !
0
; !
00
! 3; ! [21,20,23℄,
pp ! !
0

0
! !
0

0

0
[17℄, and 
 
p ! !
00
n !
!n [18℄ reations. We present a new measure-
ment of the !
0
and !
00
parameters based on a
signiantly larger data sample for the e
+
e
 
!
!
0
; !
00
! 3 reation. From the measured val-
ues of B(V ! e
+
e
 
)B(V ! 3), the eletroni
widths of !
0
and !
00
an be estimated. Assuming
that B(!
0
! 3)  1 and B(!
00
! 3)  0:5 we
derive that  (!
0
! e
+
e
 
)  370 eV and  (!
00
!
e
+
e
 
)  570 eV. The large values of these widths,
omparable with  (! ! e
+
e
 
)  600 eV, are
in disagreement with expetations of the quark
model, whih predits at least one order of magni-
tude lower values for the eletroni widths for the
exited meson states (see, for example, Ref. [19℄).
The e
+
e
 
! 
+

 

0
ross setion in the 1.05-
3.0 GeV=
2
region is presented in Fig. 2. It is in
agreement with the SND data [20℄, but it shows
a large disrepany with the DM-2 [21℄ measure-
ment.
It is interesting to plug these new results into
the dispersion integral yielding the orrespond-
ing vauum polarization ontribution to the muon
anomalous magneti moment. In order to om-
pare with previous alulations [4℄ using existing
data, the energy interval 1.055 to 1.8 GeV is ho-
sen. The urrent value [4℄ is
a
had

= (2:45 0:26
exp
 0:03
rad
)10
 10
(5)
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Figure 1. The bakground-subtrated 3 mass spetrum for masses between 0.70 and 1.05 GeV=
2
(left)
and for masses from 1.05 to 1.80 GeV=
2
(right). The urves are the result of the t.
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Figure 2. The e
+
e
 
! 
+

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
0
ross setion measured in this work (lled irles), by SND (open irles),
and DM2 (open triangles).
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Figure 3. The e
+
e
 
! 
+

 

+

 
ross setion
obtained from ISR at BABAR in omparison with
existing e
+
e
 
data.
while the new estimate using only the new BABAR
data yields a larger and more preise ontribu-
tion,
a
had

= (3:31 0:13
exp
 0:03
rad
)10
 10
(6)
3. Four-body nal states: 
+

 

+

 
,
K
+
K
 

+

 
and K
+
K
 
K
+
K
 
Event andidates were required to have four
good harged traks and a hard photon assumed
to be from ISR. Hadron identiation in BABAR is
used to separate harged pions from kaons and
identify the dierent 
+

 

+

 
, K
+
K
 

+

 
and K
+
K
 
K
+
K
 
nal states is desribed. Fig-
ure 3 presents the obtained e
+
e
 
! 
+

 

+

 
ross setion in omparison with all existing
e
+
e
 
data. The estimated systemati error is
about 5%.
Again we an examine the impat of these new
results on the alulation of hadroni vauum po-
larization. The hadroni ontribution to (g  2)

from the 
+

 

+

 
hannel [4℄, evaluated using
all available e
+
e
 
or  deay data in 0.56-1.8 GeV
range is
a
had;ee

= (14:21 0:87
exp
 0:23
rad
)10
 10
(7)
a
had;

= (12:35 0:96
exp
 0:40
SU2
)10
 10
(8)
The  evaluation is less preise in this hannel
sine it is based on the measurement of the spe-
tral funtion in the  ! 

3
0
deay mode, in-
volving the reonstrution of three 
0
deays.
Evaluating the same ontribution with the
BABAR data in this energy range gives
a
had

= (12:95 0:64
exp
 0:13
rad
) 10
 10
(9)
whih shows the potential of ISR measurements.
Figure 4 shows the obtained ross setions
for K
+
K
 

+

 
and K
+
K
 
K
+
K
 
nal states.
The systemati normalization errors are 15% and
25%, oming essentially from the unertainties in
the dynamis used in the Monte Carlo event gen-
erators. respetively.
4. Three- and four-body J= deays
The invariant mass of three pions from J= de-
ays is shown in Fig. 5(top). From about 900
events after bakground subtration the follow-
ing produt an be determined:
 (J= ! e
+
e
 
)B(J= ! 3) = (12258) eV (10)
The systemati error inludes the unertainties on
the detetion eÆieny, the integrated luminosity,
and the radiative orretion. Using the  (J= !
e
+
e
 
) measurement obtained by BABAR [7℄ from
the study of e
+
e
 
! J=  with J= ! 
+

 
,
the J= ! 3 branhing fration is alulated to
be
B(J= ! 3) = (2:18 0:19)% (11)
whih is in substantial disagreement ( 3) with
the world average value [16℄ of (1:47  0:13)%,
but agrees with the reent result from BES [22℄:
B(J= ! 3) = (2:10 0:12)%.
Figure 5 shows the J= and  (2S) signals
(ontaining 27020 and 62025 observed events
respetively) in the four-harged-trak invariant
mass spetrum. The latter signal originates from
the proess  (2S) ! J= 
+

 
! 
+

 
and
an be easily isolated by requiring the mass of one
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Figure 4. The e
+
e
 
! K
+
K
 

+

 
(left) and K
+
K
 
K
+
K
 
(right) ross setions obtained from ISR
at BABAR in omparison with e
+
e
 
data.
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Figure 5. The signals from J= and  (2S) in 3(left) and 4(right) nal states. The shaded region at
the latter orresponds to  (2S)! J= 
+

 
, with J= ! 
+

 
.
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Figure 6. The signals from J= deays into K
+
K
 

+

 
(left) and K
+
K
 
K
+
K
 
(right) nal states.
pair of harged partiles (shaded histogram) to be
onsistent with the J= mass. By using dete-
tion eÆieny from simulation and the eetive
ISR luminosity the following produts have been
obtained:
B
J= !4
  
J= ee
= (19:5 1:4 1:3) eV,
B
 (2S)!J= 
+

 
 B
J= !2
  
 (2S)ee
=
(45:0 1:8 2:2) eV.
Using the world averages value for  (J= !
e
+
e
 
),  
 (2S)!e
+
e
 
and B
J= !2
we derive the
values B
J= !4
= (3:70 0:27 0:36) 10
 3
and
B
 (2S)!J= 
+

  = 0.3610.0150.037. Figure 6
shows the J= signals in the K
+
K
 

+

 
and
K
+
K
 
K
+
K
 
nal states, where 23319 and
38.56.7 events have been observed respetively.
Using the detetion eÆieny obtained from sim-
ulation and the eetive ISR luminosity the fol-
lowing produts have been obtained:
B
J= !2K2
  
J= ee
= (32:9 2:7 2:7)eV(12)
B
J= !4K
  
J= ee
= (3:6 0:6 0:5)eV (13)
(14)
Using the world average value for  (J= ! e
+
e
 
)
we derive the relative deay rates
B
J= !2K2
= (6:25 0:50 0:62) 10
 3
(15)
B
J= !4K
= (6:9 1:2 1:1) 10
 4
(16)
5. Conlusion
A number of ISR proesses have been studied
with a 90 fb
 1
data sample in the BABAR de-
tetor, utilizing the exellent detetor eÆieny
and partile identiation apabilities of the de-
tetor. The e
+
e
 
! 
+

 

0
, and preliminary

+

 

+

 
, K
+
K
 

+

 
, K
+
K
 
K
+
K
 
ross
setions over the entire mass range from thresh-
old to 4.5 GeV in the e
+
e
 
.m. system with
systemati normalization errors that are similar
to those ahived by the best e
+
e
 
experiments
over a muh smaller mass region. Radiative re-
turn to the J= resonane allows one to measure a
number of branhing frations signiantly more
preisely than earlier determinations.
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